Hardness of human tooth, both in enamel and dentin, has been measured at different sites using a Vicker's diamond. In this work we show that these values are almost constant all along the enamel and dentin thicknesses. Indentations were done from outer enamel surface to inner dentin layer, going through the enamel-dentin junction, both in transverse and longitudinal samples. Geometrical well-shape indentation uniformity was checked both with light and with scanning electron microscopes, and the chemical composition of the tooth was analyzed with characteristic X-ray energy dispersive spectroscopy. Hardness measurements were in the range from 270 to 360 VHN for enamel and 50 to 60 VHN for dentin. Cervical zone in longitudinal section showed the lowest value while in transverse sections the highest. All the hardness values were statically significative. Tour results indicate that the difference between enamel and dentin hardness has nothing to do with the content of Na, Cl and Mg, but the percentage of organic and inorganic materials in enamel and dentin.
Introduction
Tooth enamel is the most mineralized tissue of human body. Its composition is 96 wt.% inorganic material and 4 wt.% organic material and water. In dentin, the inorganic material represents 70 wt.%. This inorganic material is mainly composed by a calcium phosphate related to the hexagonal hydroxyapatite, whose chemical formula is Ca 10 (PO 4 ) 6 ·2(OH) 1 . X-ray energy dispersive spectroscopy (EDS) analysis of enamel and dentin also indicated the presence in small quantities of other elements such as Na, Cl and Mg 2 . Human teeth are exposed to a different point-to-point pressure during mastication. Therefore, the study and analysis of their hardness is very important for understanding how masticatory strains are distributed throughout the tooth, and for predicting how stresses and strains are altered by dental restorative procedures, age and disease. Moreover, the hardness values can be related to other mechanical properties, such as Young's modulus and yield stress 3, 4 . Measurement of hardness in tooth is not easy, however. Because the structures that enamel 2 and dentin present, prisms running from the enamel-dentin junction (EDJ) to the surface in the case of enamel and a heterogeneous composite material in the case of dentin [5] [6] [7] , it is easy to imagine that their hardness values are different, even from one site to other inside enamel and dentin themselves; and that they would be chemically dependent.
Hardness testing, together with intra-oral models, has great importance in de-and re-mineralization experiments 8 . The hardness of human tooth has been determined by a variety of methods, including abrasion 9 , scratch 10 , and indentation techniques 3, 4, [11] [12] [13] [14] . Since considerable local variations have been reported in enamel and dentin, the methods using a microscratch or micro-indentation have been preferred, and the Knoop diamond indenter is commonly used 4, 8, 13, 14 . Recently, nano-indentation using atomic force microscopy was reported in hardness measurements of dentin 3 . Knoop (KHN) and Vicker (VHN) hardnesses have reported approximately the same value 15 . The average hardness value for enamel and dentin is in the range from 270 to 350 KHN (or from 250 to 360 VHN) and from 50 to 70 KHN respectively 4 . However, the standard deviations (SD) for these values show broad and significative variations, although in dentin these variations are less pronounced. Thus, for example, Craig and Peyton 13 reported for enamel a hardness in the range from 344 ± 49 to 418 ± 60 VHN; Collys et al.
14 from 369 ± 25 to 431 ± 35; Wilson and Love 16 from 263 ± 26 to 327 ± 40. The micro-hardness of the occlusal enamel varied from 359 to 424 VHN, and that of the cervical enamel from 227 to 342 VHN 14 . These variations can be produced by factors such as histology features, chemical composition, specimen preparation, and load and reading error in indentation length (IL).
In sound human enamel, it was reported that the hardness values, the mineral content, and the density gradually decrease from the outer surface to the EDJ [18] [19] [20] [21] [22] . More specific, Kodaka et al. 19 found a moderate correlation between the Vicker hardness and P concentration in enamel, but a low correlation with Ca. They indicated that VHN values, Ca and P percentage significantly decreased in the outer, middle and inner enamel sites. Other studies 11, 19 reported that the outer enamel surface is harder than the inner surface, and that hardness continuously decreases from the outer edge to EDJ. Gustafson and Kling 21 proposed that the differences of hardness in enamel can be produced by variations in the direction of indentations in a single tooth section. However, some other studies 13 have found any difference at all, only slight indications that enamel is harder in the cusp and outer surface than in the cervical margin or EDJ, but the difference was less than the SD reported, and thus no definite statement can be made.
Hardness numbers reported for dentin also varies. Because of the larger size of the indentation in relation to the dentin microstructure, this variation may be due to the differences in the dentinal tubule density at different locations. Kenney et al. 3 , using a modified atomic-force microscope to measure the hardness of dentin, indicated that hydrated peritubular dentin has a hardness inside the range from 2.2 to 2.5 GPa independent of location, while in intertubular dentin this hardness did depend upon location, and it was significantly greater near the EDJ (values from 0.49 to 0.52 GPa) than near the pulp (from 0.12 to 0.18 GPa).
Another parameter that must be taken into account in is time. It was reported that in human tooth the hardness indentations restored after time 13, 22 . However, in general, little is known about the way the size of these indentations changes with time. Since enamel is a rather brittle material, time dependency of an indentation seems to be very small or negligible. But, in dentin, Herkstroter et al. 22 found that indentations relaxed (becomes smaller) over a period of one day; after that the indentations do not change statistically anymore. Some explanation for indentation relaxation could be the differences in the content of organic matrix and/or in the bonding between mineral and organic matrix.
As it can be seen, too many parameters are involved in the analysis of human tooth hardness; therefore, in this work we obtain accurate Vickers hardness values (with minimum SD) for enamel and dentin in sound teeth. We took care of the sample preparation method, the chemical composition all along the tooth, and the relative orientation of the indenter with the enamel prisms and dentin tubules to identify and control the parameters that statistically affect the hardness measurement. Vickers hardness indentations were measured and analyzed with light microscopy (LM) and scanning electron microscopy (SEM).
Experimental procedure
Seven mature, sound premolars freshly extracted by orthodontic reasons were embedded in self-curing resin (Fig. 1) . The embedded teeth were sectioned either transversely or longitudinally ( Fig. 1 : a, A 2 ) using diamond wheel cutter Whiler Mod. Cutto-1. Three teeth were sectioned parallel to the occlusal surface, making cuts close to 0.5 mm from the cuspid, 1.5 mm in the cusp, in the medium third, and the cervical third (Fig 1: c, d , e). The others were sectioned bucolingually perpendicular to the mesiodistal axis of the tooth ( Fig. 1: A 1 ) .
One of the factors that affect the hardness measurement is the specimen preparation, because any tilt or not flat surface would yield a too large IL and thus a smaller VHN value. Therefore, to produce a flat surface in the specimens is crucial in this analysis. With this in mind, the specimens were polished with silicon carbide papers from n o 1200 to 4000, in a progressively way, with water. Final polish was done with 0.05 polishing alumina in a low-speed metallurgical polisher Buehler, mod. Minimet, with light load on the specimen. Afterwards, the samples were cleaned by three periods of 5 min each with distilled water inside on ultrasonic cleaner Bransonic mod. 52.
Vicker hardness measurements were made with a micro-hardness tester Matsuzawa mod. MHT2 with a square based diamond indenter with 136° angle. This tester has a light microscope of high resolution and contrast with magnification of 400 ×. Indentations were made with a rate of 20 s descending and loads of 10 g, 25 g, and 50 g; and never close to any edge of the specimen or another indentation. The minimum distance between two consecutive indentations was bigger than 40 µm. The number of indentations made in a location of the tooth depended on the enamel and dentin thicknesses at such level. Therefore, this number was bigger in the cusp zone than in the cervical zone (Fig. 2) . Criteria for accepting an indentation were sharpness of diagonal edges, uniformity of diagonal shape (geometry) and free of irregularities in the testing area. In longitudinal samples, the indentations were done from the enamel outer surface to dentin inner surface, going through EDJ in five zones: cervical, middle third, cusp, grove, and parallel to occlusal (Fig. 2) . In transverse samples, they were done in bucolingual to mesiodistal direction ( Fig. 1: A 2 ) . from tables. The mean value and SD were calculated for both IL and VHN. Kappa statistics was used to assessment the reliability of the observer error in reading IL. A Kappa value of 0.90 was achieved. To reduce errors, the same observer made the reading. The Zeiss Axiotech LM and Jeol 5200 SEM microscopes were used for these observations. The results were analyzed comparing the diagonal indentation length values using the variance analysis ANOVA. For the EDS chemical analysis, a Philips XL30 SEM with a NORAN-EDS detector, was used. Figure 3 shows some of the main indentation irregularities produced in human teeth when some experimental parameters are not adequate; they are an indication that the sample preparation method, or the load, and/or the position of the indentation are not the correct ones. Any of these irregularities allow the correct measurement of IL, and, therefore, in this work, when one of them was observed, the sample was not used for hardness measurement. In fact, observation of any of these irregularities was enough for re-checking preparation and experimental procedures of the sample under analysis. Figure 4 shows shape of the VHN indentations that cover all the requirements for hardness measurements. Figure 4a shows an example of indentations produced through all the tooth thickness in a cusp longitudinal sample. Figure 4b shows some of the indentation produced in enamel, while Fig. 4c shows one in dentin. Magnification in Figs. 4b and 4c is the same, so the hardness difference in enamel and dentin is straightforward. Figure 4 also allows the comparison between the indentation size and the enamel prisms size: this indicates an indentation area of 25 µm 2 . To avoid indentations such as those shown in Fig. 3 , the sample preparation method was perfected and the analysis with loads of 10 , 25 , and 50 g was carried out. The mean values for IL produced with these loads in the same zone and their corresponding VHN values are shown in Table 1 . Taking in account the SD in each case, the similarity of the VHN values in the zone analyzed is straightforward. However SD for loads of 10 and 50 g are bigger than that for 25 g.
Results
Collys et al. 14 suggested a load of 50 g for studies of hardness in tooth because they said that lower loads influence the indentation size. They indicated two aspects for this load influence: 1) the sample surface is altered during the polish process producing a coating bigger than the biggest depth reached for the indenter; and 2) with lower loads, the difficulty to read the indentation marks increase. However, in this work we did not observe, after the sample preparation method followed, any coating layer; eventhough, the enamel and dentin structure is always observed (Fig. 4) . The length of the axes of the squared-shaped indentation (IL) was read either with the micrometer scale fitted to the eyepiece of the hardness tester, with other light microscope (LM), and with SEM. The VHN value was obtained The depth reached with the square based diamond indenter used was of 2 µm approximately. Moreover, with the load of 50 g almost all the indentations showed fractures and material accumulation, such as those shown in Fig. 3 . With the load of 10 g the indentations were very difficult to read.
The hardness values obtained with both 25 and 50 g were statistically similar, but load of 25 g produced less fracture indications and better indentation shapes. Therefore, after the analysis of Table 1 , and taking in account all above said, the load of 25 g was chosen for the hardness measurements. Occasionally some slight fractures were observed in the outer edge of the grove zone (zone 4) and in the middle third (zone 2), close to the vestibular surface, but not in any of the others. Time of load application is another parameter that we studied. McColm 23 indicated that 15 to 30 s are quite recommended for ceramic materials. Therefore we applied the load of 25 g during 20 s for this study. Figure 2 shows the different levels of the human tooth where the Vicker hardness indentations where carried out. Table 2 shows the main VHN values obtained with the load of 25 g at the different tooth zones evaluated. This table indicates that the zone corresponding to the transverse section parallel to occlusal (zone 5) showed the biggest hardness values, whereas zone 1 (cervical) showed the lowest. Note that, however, taking in account the SD values, the difference in hardness between of zone 1 and zone 5 is minimum. Table 3 shows the main VHN values obtained from the different zones evaluated. Here we observe that hardness in enamel is higher than in dentin, as expected, but it remains almost constant in all the enamel and dentin thicknesses respectively. Only close to the EDJ there is a gap where it decreases from enamel's value to dentin's value.
From the data obtained, the zone with the minimum VHN value was zone 2 (the middle third) while the biggest was the zone 5 (parallel to the occlusal). In general, indentations in the transverse section samples where more easily reading, with very good shape and with minimum fracture mark. In the other hand, in longitudinal section the indentations showed some indication of fracture, especially those of zone 2. Statistically speaking, the results obtained by ANOVA showed significative differences (p > 0.05) among the zone 5 and the others. From this, it is concluded that zone 5 showed the significatively bigger hardness value, whereas zone 1 showed the lowest.
The chemical analysis by EDS indicated that the Ca/P relationship was bigger in enamel than dentin. In enamel it was around 1.63, compared with 1.67 in pure hydroxyapa- tite; that is, more Ca than P (Table 4) . Na, Cl and Mg were also detected 24 ( Fig. 5) . In general, in enamel Na and Mg showed a minimum in the enamel outer surface, but increased continuously until reach the EDJ. Ca and P remained almost constant all the enamel thickness. Cl was higher detected in the enamel outer surface than in EDJ. In dentin, the ratio Ca/P was found around 1.5 (Table 4) ; that is, more P in enamel than in dentin; Cl was not presented, Mg increased from EDJ to the inner surface, and Na decreased in these sites (Fig. 5) . It is also worth noting the behavior of C and O: in dentin the percentage of C and O is higher than in enamel. This is an indication of more weight percentage of organic material in dentin than in enamel, as it is well known.
Discussion
According with our results, in tooth hardness studies the Vicker indenter is more useful than the Knoop's because a square shape has to be always conserved; and close to the outer surface and the EDJ a small elongation of the diagonals of the indentations, that produce errors in hardness measurements, is easily detected. Therefore, we propose that the Vicker indenter has to be used always in the tooth hardness studies.
We statistically found any significative hardness difference in the same zone of the sound tooth samples analyzed but only among the different zones of the same tooth itself, Figure 5 . Graphics for the minor elements (Na, Mg, and Cl) detected in the human tooth from the outer enamel surface (number 1) to dentin inner layer (number 6) through the EDJ (numbers 3 and 4). See Table 4 . Note the increment of Na and the decrement of Cl from the outer enamel surface to the EDJ. In dentin Na shows a decrement after the EDJ, and Cl is not present. Mg concentration shows an increment from the outer enamel surface to the inner dentin surface. Each number represents a multiple of 40 µm approximately. Table 4 . EDS results from enamel and dentin. Data in at.% and they are the main values from 3 samples analyzed. EDS analysis was carried out from the outer enamel surface to EDJ in enamel, and from EDJ to the inner dentin layer in dentin. The data in the two EDJ columns were taken inside enamel and dentin respectively, but 20 µm away from the EDJ in each case. The data for Na, Cl and Mg are graphically shown in Fig. 5 Tables 2 and 3 . We found hardness values in the range from 270 to 360 VHN for enamel and from 50 to 60 VHN for dentin; the differences depend on the zone evaluated. These results are similar to those reported by Craig and Peyton 13 , but in our case these VHN values are constant all along the enamel and dentin thicknesses for each evaluation zone. In conclusion, an slight increment in hardness was observed from zone 1 to zone 5; that is, from the cervical zone in longitudinal section to the transverse section, parallel to occlusal.
Some authors 21 have indicated some variations in hardness from the tooth outer surface compared with those sites close to EDJ, similar to the ones reported in Table 2 , but they have also obtained, significative increments in the SD values. Eventhough, they have reported bigger VHN values for the outer surface than for the EDJ, indicating, as Gustafson and Kling 21 , that these differences in hardness are produced by the wrinkled structure that prisms present in the outer surface. In this work, statistically speaking the hardness values remained constant along the enamel and dentin thicknesses respectively, and they only changed close to the EDJ for natural reasons: there is a gap of around 20 µm before and after the EDJ where the indentation shape shows some of the irregularities indicated in Fig. 3 . This gives place to lower hardness values such as those that they reported. We decide not to include these values in our measurements because they did not fulfill all the requirements to be accepted for a Vicker hardness analysis.
It is clear that the VHN difference between enamel and dentin is a result of the difference in the organic and inorganic materials content, as it is well known. However, according with our results, the VHN found in enamel and dentin themselves are not influenced by the presence of the minor elements Na, Cl and Mg, as some authors have indicated [18] [19] [20] [21] [22] , but only for the percentage of mineralization in these tissues.
Conclusions
The tooth Vicker hardness values do not show statistically any change from the outer enamel surface to EDJ, and from EDJ to the inner dentin surface; they remain constant all along enamel and dentin thickness in the zone under analysis. The hardness is only bigger along the transversal section than along the longitudinal section, and slightly bigger from zone 1 to zone 5. The VHN difference between enamel and dentin is a result of the percentage of mineralization they present.
